Background: Canine T-cell lymphoma (TCL) is conventionally considered an aggressive disease, but some forms are histologically and clinically indolent. CD4 TCL is reported to be the most common subtype of TCL. We assessed flow cytometric characteristics, histologic features when available, and clinical outcomes of CD4+ TCL to determine if flow cytometry can be used to subclassify this group of lymphomas.
L ymphoma is the most common hematologic malignancy in dogs and has long been subdivided into T-and B-cell phenotypes, with T-cell subtypes typically considered to have a more aggressive clinical course. Further subclassification within the T-cell phenotype has identified important subtypes that are associated with both aggressive disease (pleomorphic mixed/peripheral T cell, plasmacytoid, T-cell lymphoblastic) and indolent disease (small clear cell/T zone lymphoma). 1, 2 This distinction, important for both prognosis and rational selection of chemotherapy protocol, is currently made by histologic examination of tissue specimens.
Flow cytometry is a critical tool in human medicine for diagnosing and characterizing cases of lymphoma. Despite its expanding diagnostic role in veterinary medicine, there are few flow cytometric descriptions of canine lymphoma. [3] [4] [5] [6] [7] In the authors' experience, CD4+ T cell lymphoma (TCL) is the most common T-cell immunophenotype seen in aspirates from canine peripheral lymph nodes and this is consistent with 2 small case series of canine TCL. 4, 7 In a very small number of cases with concurrent Kiel cytologic classification, CD4+ TCL were described as small clear cell/T zone, lymphoblastic, and pleomorphic mixed cell/peripheral T-cell subtypes. 3, 4 When lymphoma restricted to the Boxer breed was examined, >80% of cases were T-cell origin and the majority were of the CD4+ phenotype. 5, 8 In these studies and in a larger study of canine lymphoma, the CD4+ phenotype appeared to be associated with an aggressive clinical course, 5, 8, 9 but to the authors' knowledge, no studies have described large numbers of cases of canine TCL based on the CD4+ immunophenotype. The purpose of this study was to further classify canine CD4+ TCL with peripheral lymph node involvement by examining clinical characteristics, flow cytometric parameters associated with clinical outcome, and histologic classification when available.
Materials and Methods

Case Selection
Cases submitted to the Clinical Immunology Laboratory at CSU between January 1, 2008 and February 1, 2012 comprised the population of patients for this study. Of these, 168 met the inclusion criteria, which were as follows: (1) cytologic or histologic diagnosis of lymphoma; and (2) >65% of the large cells or >80% of the entire population expressing CD4. Forty percent of these cases (67) were derived from 3 referral clinics, with the remainder coming from 57 other clinics. Because of the difficulty in obtaining consistent clinical follow-up from multiple clinics, the 67 cases from 3 referral centers were chosen for further analysis. The 67 cases chosen for follow-up were not significantly different from the remaining 101 cases with regard to age, breed distribution, sex, and the presence of selected clinical characteristics (Table 1) . Data extracted from the medical records included patient age, sex, breed, date of diagnosis, date of treatment initiation, staging tests performed, the presence of hypercalcemia at diagnosis, clinical substage, treatment protocol, time to progression of disease, and date of death.
Flow Cytometry
Samples were submitted based on palpable peripheral lymphadenopathy. Multiple fine needle aspirates from the lymph node were placed in isotonic saline with 10% canine serum and submitted immediately or shipped overnight on ice. Lymph node samples were prepared as described previously. 10 The lymph node suspension was centrifuged and resuspended in 11 At the time of review, the pathologists were blinded to the results of flow cytometry and clinical data. To make their diagnosis, the pathologists used previously described histologic and immunohistologic criteria. 11 
Data Analyses
Progression-free interval (PFI) and overall survival (OS) were calculated in days from the time of treatment initiation until progressive disease or death, respectively. Dogs still alive at the time of data analysis or lost to follow-up were censored at the last date reported to be alive. Dogs that had died or were euthanized were considered to be dead either secondary to their treatment or disease. Dogs treated with prednisone only were excluded from PFI analysis, because treatment did not result in resolution of clinical signs. Clinical data at the time of presentation, including signalment, weight, the presence of hypercalcemia, and imaging assessment of a mediastinal mass and clinical substage were further evaluated for effect on PFI and survival. When no information was available, a normal finding was not inferred, and the patient was excluded from this analysis. In addition, patient demographics including the dog's age, sex, breed, and clinic where treated were considered as potential confounders.
Descriptive statistics were calculated for all variables collected at baseline. Age at diagnosis was dichotomized at the median for all uni-and multivariable analyses. Log rank test and Kaplan-Meier plots were used to evaluate whether any baseline variable was associated with PFI or survival. Multivariable Cox proportional hazard analyses were performed in a backward step- Calculated by chi-square analysis.
CD4 T-Cell Lymphomawise manner. An initial model was constructed with all potential prognostic variables with P values <.20 on univariable analysis as well as the potential confounders breed, clinic, and treatment. Backward selection was conducted until all remaining variables had P values <.05. Finally, reanalysis was conducted adding prognostic indicators one-by-one to determine if they were significant in a multivariable setting; only significant variables remained in the final model. Except where otherwise noted, all statistical analyses were performed by SAS 9.2 f and P values <.05 were considered significant.
Results
Flow Cytometric Characterization
Sixty-one of the 67 CD4-positive cases were characterized by uniform expression of CD3, CD45, low levels of MHC class II (median fluorescence intensity [MFI] 1.2), and absent expression of CD21 (referred to subsequently as CD4+/CD45+). CD5 expression was variable in this group with 26 cases categorized as lacking the expression of CD5, whereas 34 were uniformly CD5 positive. The median percentage of CD5+ cells in those cases categorized as lacking CD5 expression was 2.1% (range 0-20%). The remaining 6 cases had unique phenotypic features characterized by high MHC class II expression (MFI 22), coexpression of CD21 and loss of CD45 expression (referred to subsequently as CD4+/CD45À; Fig 1) . The median percentage of cells negative for CD45 was 96% (range 93-98%), whereas the median percentage of cells positive for CD21 was 94% (range 60-97%). All 6 of these cases uniformly expressed both CD3 and CD5. Table 1 shows demographic information for all 67 dogs in the study. For the 61 dogs with CD4+/CD45+ TCL, the median age was 7 years (range 3-13 years). Twenty-seven cases were female (6 intact, 21 neutered) and 34 cases were male (2 intact, 32 neutered). Mixed breed dogs were the most frequently represented breed (n = 16; 26%) followed by Boxers (n = 13; 21%) and Golden Retrievers (n = 8; 13%). Other breeds represented by >1 case included English Bulldogs, Labrador Retrievers, Shetland Sheepdogs, Rottweilers, and Saint Bernards (all 3%). Median age of the 6 dogs with CD4+/CD45À lymphoma was 8.9 years (range 6-10 years) and 4 were female-neutered and 2 were maleneutered. Two CD4+/CD45À dogs were Golden Retrievers, whereas there was 1 each of Australian Shepherd, Bernese Mountain Dog, Chihuahua, and mixed breed. 
Patient Demographics
Summary of Endpoints
After excluding 12 dogs that were treated only with prednisone (1 CD4+/CD45À, 11 CD4+/CD45+), analyses evaluating PFI included 55 dogs. Of these dogs, 2 of 5 (40%) CD4+/CD45À dogs and 43 of 50 (86%) CD4+/CD45+ dogs developed progressive disease. Overall, 10 dogs were censored; 5 were alive without progressive disease at the end of the study period (3 CD4+/CD45À, 2 CD4+/CD45+); 1 CD4+/CD45+ was lost to follow-up; and 4 CD4+/CD45+ died or were euthanized before progressive disease was noted. All 67 dogs were able to be analyzed for overall survival; 3 of 6 (50%) CD4+/CD45À dogs and 54 of 61 (89%) CD4+/CD45+ died or were euthanized during the study period. Censoring occurred for 7 dogs that were alive at the end of the study period (3 CD4+/CD45À, 4 CD4+/CD45+) and 3 CD4+/CD45+ dogs that were lost to follow-up. Median follow-up time did not differ significantly between CD4+/CD45+ dogs and CD4+/ CD45À dogs (548 days [95% CI, 361-557] for CD4+/ CD45+ dogs, 405 days [95% CI, 185-557] for CD4+/CD45À dogs; log rank P = .8751).
CD45À T-Cell Lymphomas Exhibit Different Clinical Behavior
Three of the 6 CD4+/CD45À phenotype dogs were alive without progression at the end of the study, suggesting that some of these cases have a more indolent clinical course. Median PFI and OS in the majority CD4+/CD45+ group were 91 days (range 25-557 days) and 159 days (range 4-557 days), respectively. Median PFI and OS of the 6 CD4+/CD45À dogs could not be calculated because 3 of these dogs were alive at 228, 303, and 1043 days of follow-up (Fig 2) . During the study period, 2 CD4+/CD45À dogs developed progressive disease (27 and 107 days, subsequently euthanized for unknown causes at 134 and 188 days) and 1 was treated with prednisone only and euthanized after 166 days, also for unknown reasons. Concurrent work in our laboratory has associated the loss of CD45 expression, high MHC class II expression, and coexpression of CD21 in T-cell lymphomas with T zone histology and indolent behavior (Seelig et al e ). Because of this apparent difference in biologic behavior and our concurrent findings, which identify this phenotype as associated with T zone histology (Seelig et al e ), these cases were removed from all subsequent analysis.
Cell Size and CD5 Expression in CD4+/CD45+
Lymphomas Influences Outcome
When the size of the neoplastic CD4+/CD45+ lymphocytes was divided into small and large based on the median cell size of all cases, there was a significant, modest impact on both PFI and survival in univariable analysis ( Table 2) . Controlling for treatment, large cell size remained significantly associated with a shortened PFI. Large cell size was also associated with shortened overall survival, controlling for treatment, CD5 status, and substage (Table 2) .
CD5 expression was absent in 43% (26 of 60 with available data) of dogs in the CD4+/CD45+ subset. Absent CD5 was associated with a significant, modest impact on survival in univariable analysis without a significant impact on PFI (Table 2) . Controlling for treatment, cell size, and substage, CD5+ status remained significantly associated with a shortened overall survival. All 6 dogs with the CD4+/CD45À phenotype expressed CD5 (not shown in Table 2 ).
Effect of Clinical Characteristics on Outcome
There were no significant differences comparing PFI and OS in normocalcemic versus hypercalcemic dogs in univariable analysis, nor was there a significant difference in comparing dogs with and without evidence of a mediastinal mass (Table 2) . Full staging was not performed in most dogs, and accurate assessment of stage could not be determined in this study. Twentyfive (37%) of dogs had no staging beyond a CBC and serum biochemical profile before treatment initiation; 38 (57%) dogs had thoracic radiographs; 3 (4%) dogs had abdominal radiographs; 12 (22%) dogs had abdominal ultrasound examinations; and 3 (4%) dogs had bone marrow aspirates performed. Forty-eight dogs (79%) were clinically well (substage a) and the other 13 (21%) dogs were substage b at the time of diagnosis. Substage did not have a significant impact on PFI, but there was a significant impact on survival ( Table 2) .
Effect of Treatment on Outcome
The dogs with CD45+ lymphoma were treated with a variety of chemotherapy protocols. Thirty-one (46%) dogs were treated with a multi agent protocol; 20 (30%) dogs were treated with a CHOP-based protocol that included vincristine, cyclophosphamide, doxorubicin, prednisone, +/À L-asparaginase; and 11 (16%) dogs were treated with a MOPP-based protocol consisting of mechlorethamine, vincristine, procarbazine, prednisone, +/À L-asparaginase. Twenty-four (36%) dogs were treated with a single-agent protocol plus prednisone consisting of CCNU (n = 10; 15%), doxorubicin (n = 12; 18%), or chlorambucil (n = 2; 3%). The remaining 12 (18%) dogs were treated with prednisone only. Three dogs treated at CSU were initially treated with an investigational chemotherapeutic agent, which delayed the initiation of definitive treatment by 8-11 days; the start of treatment for these 3 dogs was recorded as the day they started CHOP (n = 1) or doxorubicin (n = 2) for the purposes of calculating PFI and OS. Response rates were not evaluated in this study because of the variability in assessment between clinics and the retrospective nature of this study. Figure 3 shows PFI and survival curves for all 4 treatment groups. Among CD4+/CD45+ dogs, there was no significant difference in median PFI or survival comparing dogs treated with MOPP with those treated with CHOP in univariable analysis (PFI; MOPP, 131 days; CHOP, 109 days; P = .9480; survival; MOPP, 114 days; CHOP, 237 days; P = .06) or multivariable analysis. Progression-free interval, but not overall survival, was significantly different between dogs treated with single-agent chemotherapy and those treated with CHOP (PFI; single, 70 days; CHOP, 109 days; P = .0039). This relationship remained significant in multivariable analysis (PFI hazard ratio [HR], 3.11; 95% CI, 1.53-6.32). Not surprisingly, survival was significantly different between dogs treated with prednisone only compared with those treated with CHOP (survival; prednisone, 80 days; CHOP, 237 days; P < .0001). Controlling for cell size, substage, and CD5 status, prednisone treatment remained significantly different from CHOP in terms of survival (HR, 2.72; 95% CI, 1.11-6.66).
Histologic Characterization
Biopsies of 15 CD4+/CD45+ cases were available for review. The consensus histologic classification for 10 cases was peripheral T cell not otherwise specified (PTCL), whereas the remaining 5 cases were classified as lymphoblastic T cell (LBT; Fig 4) . All affected lymph nodes were characterized by diffuse effacement by neoplastic cells. Peripheral T cell not otherwise specified and LBT were discriminated primarily based on cell size (intermediate-sized cells in LBT and intermediate-to-large-sized cells in PTCL), degree of pleomorphism (low in LBT and high in PTCL), and number of mitotic figures (very common in LBT and rare in PTCL). There were no differences in presentation or in clinical outcome between the 2 groups, but small sample size may have precluded detection of a difference. All of the dogs with available tissue had an aggressive clinical course (median PFI = 85 days, median survival = 155 days). Biopsies were not available for any of the 6 dogs with the CD4+/CD45À flow cytometric staining pattern.
Discussion
Our characterization of the majority of the CD4+ lymphomas (CD4+/CD45+) with peripheral lymph node involvement in this case series is consistent with previous studies of canine T-cell lymphoma. The short median PFI and OS, breed distribution, and incidence of hypercalcemia and mediastinal masses seen in this study are similar to previous reports. 12, 13 The over-representation of Boxers seen here has been reported in previous studies of canine T-cell lymphoma. 5, 8 One study of lymphoma in Boxers utilizing immunocytochemistry reported that 12/22 cases expressed CD4, 6/ 22 expressed neither CD4 nor CD8, 1/22 expressed both CD4 and CD8, and 1/22 expressed CD8 only. 5 Although we cannot conclude that Boxers are particularly prone to CD4+/CD45+ lymphoma without data on the overall breed distribution of canine lymphoma, we note that Boxers were not represented at all in our companion study describing T zone lymphomas (Seelig et al e ). The aggressive clinical course described for the majority of CD4+ lymphomas is compatible with earlier work that has given rise to the concept that many dogs with T-cell lymphoma have poor clinical outcome. Importantly, a small but significant subset of dogs with CD4+ lymphoma in this study had what appeared to be a more indolent clinical course that correlated with a unique surface immunophenotype (CD4+/CD45À).
The presence of hypercalcemia or mediastinal mass did not have an impact on outcome in our cases of CD4+/CD45+ lymphoma; these findings are similar to previous published reports evaluating dogs with T-cell lymphoma. 12, 13 Hypercalcemia and the presence of a mediastinal mass are commonly recognized as negative prognostic factors for dogs with lymphoma 14 ; however, our findings do not support this idea. Rather, these data suggest that hypercalcemia and mediastinal masses occur commonly with CD4+ T-cell lymphoma and are not likely independent predictors of outcome within this subtype.
Dogs in this study were treated with a variety of chemotherapy protocols resulting in small sample sizes within each treatment group, limiting our ability to draw conclusions regarding the optimal treatment for CD4+ T-cell lymphoma. However, our study does not support the proposal that doxorubicin-containing protocols are less efficacious in the treatment of T-cell lymphoma. 12, 15 There was no significant difference in either PFI or OS in dogs treated with MOPP versus a CHOP protocol. This is the first analysis of outcome in T-cell lymphoma that focuses on a uniform immunophenotype. Possible inclusion of indolent forms of T-cell lymphoma in previous studies may have influenced prior reported results. A randomized, prospective study evaluating MOPP versus CHOP as treatment for a homogeneous population of dogs with CD4+ T-cell lymphoma should be conducted to further investigate optimal treatment for this disease.
Although our data show that CD4+/CD45+ T-cell lymphoma is a highly aggressive form of lymphoma in dogs regardless of the treatment chosen, flow cytometric characteristics did predict small but significant differences in survival. Larger cell size of the neoplastic CD4+/CD45+ lymphomas was associated with a significantly shorter PFI and overall survival. This remained true in multivariable analysis when controlling for other variables such as treatment, CD5 expression, and clinical substage. Large cell size determined by flow cytometry has been shown to be an independent predictor of worse outcome in dogs with circulating neoplastic B cells and in dogs with nodal B cell lymphomas. 10, 16 Larger cell size has also been associated with worse outcome in human adult T-cell lymphoma (ATL) and cutaneous PTCL. 17, 18 Loss of the surface expression of the pan-T cell marker CD5 was a relatively common finding within the CD4+/CD45+ lymphomas. Although both univariable and multivariable analysis demonstrated a modest difference in overall survival between CD5+ and CD5À cases, PFI was not significantly different in either analysis. Loss of CD5 expression has been reported in human cases of PTCL without any apparent effect on clinical outcome. 19 The true impact of CD5 expression on the prognosis of canine CD4+/CD45+ lymphomas may require additional studies, but the loss of CD5 expression can serve as a useful marker to classify these cells as neoplastic in ambiguous cases.
A consistent finding in the CD4+/CD45+ lymphomas in this study was a very low expression level of MHC class II. Decreased surface expression of MHC class II has been commonly associated with a worse clinical outcome in human lymphoma 20, 21 and there is evidence that this is true in canine B-cell lymphoma as well. 10 The diminished MHC class II expression may prevent adequate tumor immunosurveillance, which may have played a role in the poor outcome of the majority CD4+/CD45+, MHC class II low cases in this study. 22 Cells from the CD4+/CD45+ cases expressed surface CD3 and expressed either no MHC class II or only low levels. By analogy with human T-cell lymphoproliferative disorders, these features suggest that the normal counterpart of this neoplasm is a T cell that has completed its maturation, and is a single positive thymocyte or a mature peripheral T cell. 23 Comparisons with human disease should be made cautiously, however, because expression of MHC class II is constitutive in dogs 24 , whereas it is a feature only of activated human T cells. 25 This phenotype contrasts substantially with that described for T zone lymphoma, which expresses high levels of class II MHC, CD25, and CD21, all of which point to an activated phenotype (Seelig et al e ). More studies are needed to definitively establish the normal counterpart of these cells, but such knowledge should help us better understand the genesis of this disease.
The subset of 15 CD4+/CD45+ cases that had tissue available for histologic assessment was categorized as either PTCL or LBT. Recognizing the limitations of small sample numbers, there were no obvious differences in clinical presentation or outcome between these 2 histologic subtypes. A recent paper examining gene expression profiles in a small number of canine lymphoma cases suggests that both PTCL and LBT have similar gene expression profiles and may represent a continuum of the same disease. 26 Work comparing surface phenotype with the Kiel cytologic classification in a small subset of canine T-cell lymphomas found that 5/8 small clear cell (T zone correlate) and 5/5 pleomorphic mixed small and large (PTCL correlate) tumors expressed surface CD4. 4 Interestingly, 5/8 of the small clear cell/T zone cases had dim or absent CD45 expression and one of the small clear cell/T zone cases expressed low levels of CD21. Although we did not have tissue available from any of the CD4+/ CD45À cases, work from our laboratory presented in a concurrent manuscript and a recent report has shown that the surface phenotype of this group (CD45À/MHC class II high/CD21+) correlates with T zone histology (Seelig et al e ). 6 In this study, we have demonstrated that the majority of canine CD4+ T-cell lymphomas with peripheral lymph node involvement have an aggressive clinical course and share many of the clinical features commonly reported in previous studies of T-cell lymphoma. These lymphomas expressed low levels of MHC class II and variable levels of the pan-T cell marker CD5 and were histologically classified as both PTCL and LBT. Importantly, we have identified a small subset of CD4+ T-cell lymphomas that express a unique surface phenotype characterized by an absence of CD45, coexpression of CD21, and high MHC class II expression that appear to have a much more indolent overall clinical course. Our concurrent study (Seelig et al e ) and a recent publication 6 indicated that this phenotype is consistent with T zone lymphoma. Three dogs with the CD4+/CD45À phenotype had overall survival times similar to the CD4+/CD45+ cases and, although we do not know the exact reason these animals were euthanized, this could be compatible with the recent suggestion that indolent lymphomas may behave more aggressively if diagnosed at more advanced stages. 27 The 2 diseases described in this study and in the companion paper (Seelig et al e ) represent 2 ends of the spectrum of T-cell disease. T zone lymphoma is generally characterized by a prolonged clinical course, and there are data to support the idea that CHOP chemotherapy is no more effective than treatment with prednisone and chlorambucil.
28 CD4+/CD45+ T-cell lymphoma is aggressive, and although multi drug treatment extends survival, the majority of patients die of their disease by 300 days. This study demonstrates the practical utility of flow cytometry as a noninvasive diagnostic tool and reiterates the importance of subclassification of canine lymphomas beyond B versus T-cell phenotype. 
